The drying of aqueous poly(ethylene oxide) (PEO) droplet on a substrate at different temperatures was studied. It was found that the contact line receded when the substrate was at a different droplets drying processes. The rheological properties of aqueous PEO solutions were studied It was found that at low temperature, the contact line was static because of great viscous stress; while at high temperature, it receded because of great Marangoni force and the decrease of viscous stress. It was low temperature, whereas it became dominant at high temperature. Two types of mechanism for surface
concentrations, c 0, at ambient conditions. They found that a disk-like deposit of solid PEO was left when the drying droplets c 0 <3%, and solid conical structures formed during multistage drying of droplets when c 0 and drying, receding contact line, "bootstrap" growth, and late drying) to interpret their experimental data. Kim et al (2011) found that the transportation direction of polymer inside the drying droplet varied with substrate temperature, and the resulting deposit patterns were also changed from center-concentrated to edge-concentrated deposit patterns by substrate temperature is an effective way to manipulate the after the drying process.
Foam flooding oil and gas technology is an important research area in enhanced oil recovery (EOR) in China. A foam flooding system is generally comprised of a foaming agent, foam stabilizer, gas, and water etc. The foaming agent is generally a surfactant, and the foam stabilizer is a water-soluble polymer, such as polyacrylamide or polyvinylpyrrolidone. Foam stability is one key factor affecting foam flooding. Pratt (1991) and Rudin and Wasan (1993) have proposed that the interface turbulence resulting from Marangoni convection could be used in the production of residual oil or gas, and it might be a new method to enhance oil recovery. Polymer solution is widely used
Introduction
The micro-flow and solute transportation in drying droplets have been extensively studied based on colloidal suspensions or polymer solutions in recent years because of their important application in the fields of high-resolution et al, 2000; Park et al, 2006; Bormashenko et al, 2007; Cawse et al, 2003) . Drying droplets of colloidal suspension can contact line pinning (Deegan et al, 1997) . The later studies showed that the Marangoni effect must be taken into account to investigate the droplet drying process (Hu and Larson, 2006) . Marangoni convection is formed due to the difference of surface tension on the surface of drying droplets, and it plays a major role in the formation of deposition patterns, and can produce solute deposits at the center rather than the edge of the droplets (Hu and Larson, 2002; 2005a; 2005b; . Viscous force varies with the solute concentration in polymer solutions, and it cannot be ignored in drying droplets of polymer solution. So the deposition pattern formed by (Kajiya et al, 2009a; 2009b) . Willmer et al (2010) studied drying aqueous PEO droplets with different initial PEO in foam flooding for enhanced oil recovery, so the flow dynamics of polymer in a foam liquid film is the key issue for development of EOR technology (Cao et al, 2003; Shi et al, 2012) . PEO is a widely used water-soluble polymer in laboratories and industrial applications, and its rheological behavior is similar to polyacrylamide (Liu and Xu, 1996) . In this work, we investigated the crystallization morphology and at different temperatures to explore the micro-flow in the drying droplets. The study may provide information for oil recovery.
Materials and methods
PEO (purchased from Sigma-Aldrich Company, M v 5 g·mol -1 , T m water with a concentration of 5 wt%. Glass substrates were carefully cleaned with ethanol and then water. Droplets of substrate with a micropipette and dried on the substrate at heated to 100 ºC at a heating rate of 20 ºC/min and kept at 100 ºC for 1 min, and then cooled to 52.5 ºC at a cooling rate cooled to ambient temperature.
The drying and crystallization processes were observed on a polarizing optical microscope (DM2500P, Leica Company, Germany) equipped with a THMS-600 hot stage (Linkam surface profile and height distribution along the diameter of the PEO film was measured using a 3D non-contact properties of PEO solution were obtained with an interfacial rheometer (MCR301, Anton Paar, Austria) and a surface/ interfacial tensiometer (DCAT21, HAAKE, Germany). An infrared camera (SC655, FLIR Systems, USA) was used to measure the interface temperature evolution of drying droplets. Fig. 1 shows the time-dependent images of the drying process of aqueous PEO droplets at different substrate temperatures. For a substrate at 30 ºC, after the droplet was placed on the glass substrate, the contact line remained static, and then crystalline spherulites appeared from the edge to the center of the droplet. When the substrate was at temperatures of 50, 70 and 80 ºC, respectively, the drying process contained two different stages. First, the contact line was static; then the free liquid surface of the droplet shrunk toward the center of the droplet. The contact line receded and kept a smooth solvent was evaporated at the second drying stage. Similar phenomena were also observed in the drying process of other aqueous polymer droplets by Kajiya et al (2009a).
Results and discussion

Drying process of aqueous PEO droplets on a substrate at different temperatures
Surface profile and crystallization behavior of
profiles and height distributions of PEO films deposited at base radius R when the droplets were dried on substrates at 30 ºC and 50 ºC, as shown in Fig. 2a and 2b . They were similar to the typical "coffee ring" phenomenon.
At a substrate temperature of 50 ºC, much solute was carried to the edge of droplet, indicating that the outward capillary flow was strong. However, there was more solute deposited inside the ring when droplet was dried at 70 ºC and 80 ºC, as shown in Fig. 2c Zhang et al, 2012; Kim et al, 2007) . Fig. 3 shows the isothermal crystallization process of different PEO films. For PEO film obtained at 30 ºC, only scattered small spherulites appeared and arranged irregularly. However, in the case of PEO film from droplet dried on a substrate at 50 ºC, a large number of small spherulites appeared, and gathered together at the center of PEO film.
ºC and 80 ºC, a regular ringlike nucleation phenomenon was observed. It's reasonable to deduce that the regular ringlike process of droplets.
Formation mechanisms of nucleating patterns droplets dried on a substrate at various temperatures
The surface tension ( ) and viscosity ) of aqueous PEO solution were measured to understand the mechanism of contact line recession at the second drying stage when the substrate temperature was at 50 ºC, 70 ºC and 80 ºC, respectively. Fig. 4a and 4b shows the effects of PEO initial concentration on surface tension ( ) and viscosity ( ), respectively. The value of surface tension ( ) decreased by 8 mN/m and viscosity ( ) increased by three orders of magnitude as the PEO concentration increased from 0.5 wt% to 5 wt%. For an aqueous PEO droplet with a solute concentration of 10 wt%, the viscosity ( ) was 10.5 Pa·s at 20 ºC, and decreased to 4.5 Pa·s at 70 ºC. So the surface tension ( ) decreased and viscosity ( ) increased sharply with increasing PEO concentration, and the rise in temperature induced a drastic decrease of viscosity ( ).
The PEO concentration became higher near the contact line, leading to smaller surface tension ( ) and higher viscosity ( ) in the outer region than the inner region of the droplets. When the temperature increased (the melting range of PEO is 63-67 ºC), the viscous stress decreased sharply due to the decrease of viscosity ( ). So it was demonstrated that the contact line was pinned at low temperature because of great viscous stress, and it receded at high temperature, because of the greater Marangoni force, induced by the increase of surface tension ( ) gradient, and the sharp decrease of viscous stress.
To quantify the effect of the solute concentration gradient on the Marangoni effect, the Marangoni number M a (Kajiya et al, 2009a ) was determined as follows:
(1) equation (He et al, 1990) . (2) 3(2 kT D R where Boltzmann's constant k is 1.3807×10 -23 J·K -1 . R 0 is the size of polymer particles in solution and it is nanoscale. Therefore, Eq. (1) can be converted to
The solute concentration at the center of droplet remained almost the same, and the solute concentration became higher at the edge of droplet because of the evaporation of solvent and the transport of solute in the drying process (Kajiya et al, 2009a) . So it is reasonable to assume the PEO concentration in the center region of droplet as 3 wt% and the concentration near the contact line as about 10 wt%. The surface tension c ) can be estimated as ca. 4mN/m (obtained from the extrapolation of Fig. 4 ). The M a induced by the solute concentration gradient was of the order of 10 6 at 30 ºC. When the substrate was at 50 ºC, 70 ºC and 80 ºC, the M a was all of the order of 10 7 , indicating that Marangoni effect was
From the study of the drying process of aqueous PEO droplet, it was found that when substrate was below 50 °C, the viscous stress was very large and the contact line remained fixed, and Marangoni effect was inhibited by the outward capillary flow and viscous stress. When the substrate was at 70 °C and 80 °C, the viscous stress decreased sharply and the contact line receded, so the capillary flow disappeared and Marangoni convection became the dominant flow. Kajiya et al (2009a) also found that the competition between the Marangoni force and the viscous stress resulted in the recession of contact-line in drying aqueous poly(N, N-dimethylacrylamide) droplets. Based on the above study, a formation mechanism model was suggested for understanding the nucleation phenomenon and surface profile of the deposited PEO film, as shown in Fig. 5 . When the drying was performed below 50 ºC, carried to the edge of the droplet, resulting in a disk-like PEO the free liquid surface of droplet shrank, and Marangoni convection became the dominant flow, so much solute was carried to the middle of droplet. Marangoni convective cells formed inside the drying droplet and induced the formation of ring-like nucleation. The mechanism of the ring-like nucleation needs further research. 
Conclusions
PEO film were induced by the micro-flows inside aqueous PEO droplets during the drying process. The outward capillary flow was the dominant micro-flow and solute was carried to the edge of droplet at 50 ºC or below, and a disklike solid "puddle" morphology formed. Marangoni flow appeared and solute was transported to the middle of droplet inside drying droplet. These results revealed that temperature can be used effectively to control micro-flows in drying droplets of polymer solution. The effective components of foaming agents are surfactant and polymer which could be easily transported to the edge of bubbles by capillary flow, while Marangoni flow could transport the surfactant and polymer from high density region to low density regions of adjust the polymer parameters according to the environment temperature
